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Abstract--Progesterone induces the first meiotic cell division (maturation) of Xenopus laevis full-grown 
oocytes. It has been shown that progesterone efficiency for inducing maturation was dependent on the 
amount of available steroid per oocyte rather than on the initial progesterone concentration. I  this paper 
we develop a model for progesterone induction of maturation, taking into account both initial 
progesterone concentration and available hormone per oocyte. Furthermore, we propose a nonlinear 
compartmental model for the kinetics of oocyte maturation. 
1. INTRODUCTION 
Progesterone induces the first meiotic cell division (matui, ation) of Xenopus laevis of cell-grown 
oocytes [1]. Although progesterone r ceptor has been characterized/n vitro [2, 3], the localization 
of the initial site of steroid interaction is not known [4]. 
Progesterone uptake into oocytes is a nonsaturable process, proportional to extracellular 
hormone concentration when the same number of oocytes is incubated in constant identical 
volume [5]. 
Maturation efficiency, judged as the percentage ofoocytes which undergo germinal vesicle break 
down, depends on the incubation time in progesterone; and therefore also depends on hormone 
uptake [6]. It has been shown [6] that progesterone efficiency to induce maturation is correlated with 
the amount of hormone available per oocyte and not directly related to the extracellular 
concentration (see Table 1). 
2. A FUNCTIONAL MODEL 
We propose  a mathemat ica l  mode l  for  p rogesterone  induct ion  o f  maturat ion  wh ich  takes  in to  
account  the  in i t ia l  amount  o f  p rogesterone  ava i lab le  per  oocyte  for  d i f ferent  in i t ia l  p rogesterone  
concent ra t ions ;  in al l  cases the incubat ion  t ime was 16 h. 
Modelling and mathematical nalysis 
The eff iciencies o f  maturat ion  y~, i = 1 . . . . .  n, have  been measured  for  each  progesterone  in i t ia l ly  
ava i lab le .  
Table I. Progesterone efficiency as a function of extracellular p ogesterone and 
the amount of hormone available per oocyte 
Available hormone Maturation 
Initial progesterone (~M) (pmol/oocyte) after 16 h (%) 
1 1 0 
I 3 32 
1 10 76 
I 30 96 
0.1 I I0 
0.1 3 38 
0.1 10 68 
0.1 30 91 
0.01 1 0 
0.01 3 14 
0.01 10 42 
0.01 30 64 
?To whom all correspondence should be addressed. 
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Fig. l. (a) Percentage maturation as a function of incuba- 
tion time in progesterone--100 oocytes were incubated 
in 100ml of medium with 10 -7 M progesterone. At the 
indicated times, oocytes were removed from the medium, 
washed and further incubated in progesterone-free 
medium until germinal vesicle break down. (b) Uptake 
of progesterone---100 oocytes were incubated in 100 ml 
(4fdt 4fdt) and 10ml (4 fdt - - -4 fdt )  in medium con- 
taining 10 -7 M of tritiated progesterone. At the indicated 
times, the radioactivity of 10 oocytes was determined and 
the volume was lowered by 1/10. 
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Fig. 2. Percentage maturation as a function of progesterone 
uptake into oocytes for thr~ extracellular initial concentra- 
tions in progesterone. M~o corresponds to 50% maturation. 
The model corresponds to a function fwh ich  depends on the amount of progesterone available 
per oocyte and on several parameters to be identified, 0q . . . . .  =.. The relation should be: 
y~-=f(xi, ct), i = 1 . . . . .  n and 0t = (a, . . . . .  a.). (1) 
The problem is to calculate the ~m . . . .  , ~,. parameters with the differences y~ - f (x~,  a) as close as 
possible to zero V i , . . . ,  n. The identification problem consists of finding at . . . .  ,0t. by minimizing 
the functional 
J(=) = ~ [Yi--f(x,,  ~)12. (2) 
i l l  
If f is given by the following formula: 
f (x i ,  Or) = Ot I ":t" Ot 2 log(1 + xl), i = 1 . . . . .  n, (3) 
it is possible to find the couple al and ~ which minimize the functional 
J(~,, a2) = ~ {Y~-- [~, + ~2 log(1 + xi)]}2; (4) 
L=l 
in this case n = 4. 
The least-squares method gives the following results: 
(1) For an initial concentration of progesterone of 1 #M, 
% Yl~xP % YCAL 
0 0.638 
32 31.646 U, = -- 130.414 
67 65.768 a 2 ffi 28.396 
96 96.946 
Percentage error = 1.413. 
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(2) For an initial concentration of progesterone 0.1/zM, 
% YF.XP % YCAL 
10 11.082 ~i ffi -99 .690  
• 38 37.293 ~'2 ffi 24.002 
68 66.135 
91 92.488 
Percentage error = 2.257. 
(3) For an initial concentration of 
% Y~XI' Vo YCAL 
0 -2 .812  
14 18.335 
42 41.606 
64 62.869 
Percentage error = 6.816. 
progesterone 0.01/zM, 
a I = -92 .190  
~'2 ffi 19.366 
After ~,~ and as identification, ~, and ~2 can be 
progesterone concentration. 
The following formulas can be used: 
considered as functions depending on the initial 
and 
5 
• l(1)= ~ ~Oog(1)~ (5) 
j -O 
5 
0h(I) ffi ~ b,[log(l)]'; (6) 
y=O 
which are polynomial functions of the fifth degree. 
The least-squares method has been used to numerically calculate the aj and bj(j = 0 . . . . .  5). The 
summarized model is then: 
5 5 
y(X, I )=  ~ aj[log(I)~ + ~ bj[log(/)]/log(1 + X). (7) 
j--O j--O 
The results of the aj and bj identifications are: 
al (1)n al (/)C~L a 0 = --  109.822 
a I = 1.688 
--  130.414 --  130.414 a 2 ffi - -0 .094  
- -99 .69  - -99 .69  a3 ffi 0.045 
- -92 .19  - -92 .189  a4ffi -2 .521E - 03 
as ffi - 1 .048E - 04 
Percentage error ffi 1 .195E - 06. 
a2 (l)O a2 (/)CAL b0 ffi 6.493 
bl = 1.113 
28.396 28.396 b2 ffi 0 .0129 
24.002 24.002 b~ ffi -2 .252E - 03 
19.366 19.366 b4 -- 8 .185E - 04 
b s ffi - 3.939E - 05 
Percentage error ffi 6 .208E - 08. 
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3. NONLINEAR COMPARTMENTAL MODEL 
The aim is to elaborate a more general model taking into account he reality of the maturation 
process. The proposed nonlinear model is shown in Scheme 1: 
k 2 
=~~ = ke(X 2 ) 
Where the compartments are: 
O:  The extracellular progesterone concentration. 
Q:  The intracellular progesterone concentration. 
Q:  The percentage of maturation judged as germinal vesicle breakdown. 
Study of the model 
Measurements from the first and second compartments, i.e. extracellular and intracellular 
progesterone, and denoted, respectively, X~ and X~,, i = 1 . . . .  , N. The extracellular progesterone 
from compartment O acts on maturation according to the following formula: 
V 
k(X,)  = l + k3X-------~' (8) 
where V is the maximal velocity of maturation, k3 is a factor expressing the X~ influence on the 
maturation coefficient k(X~), k,(X2) represents a Michaelis-Menten elimination type reaction, 
ko 
k0 (,I"2) = k4 +------~2" (9) 
F(X1, X2, X3) was chosen for assuring the saturation of the biological process. 
Mathematical formulation 
The mass balance [7-9] applied to the three-compartment model gives the following nonlinear 
differential equations ystem: 
dX, 
- -  = -k iX l  + k2X2 
dt 
dX2 = k~Xi - [k2 + ke(X2) + k(X,)]X2 (10) 
dt 
dX3 = F(Xo, X,, .I"2, X3) = 10. V 10- V .t"2" X3. 
dt ,t"0(1 + k3Xl) " X2" X23"k 1 + k3X I 
The initial conditions are / 
X,(O)=Xo, X2(O)=X3(O)=O. ( l l )  
Identification of the model parameters 
The problem is to identify the model parameters kt, k2, k3, k4, ke and V from the expedmc, ntal 
data of X~ (i = 1 , . . . ,  N), X~ (i = 1 , . . . ,  N) and the initial conditions (11). 
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Table 2 
Time XI, experimental Xi, computed X2, experimental X2, computed 
(h) 
1 98.19 98.587 1.81 1.41 I
2 97.3 97.541 2.7 2.455 
3 96.85 96.764 3.15 3.228 
4 96.37 96.188 3.63 3.800 
5 95.97 95.760 4.03 4.222 
6 95.6 95.442 4.4 4.535 
7 95.31 95.205 4.69 4.767 
8 94.99 95.028 5.01 4.938 
9 94.77 94.895 5.23 5.064 
I 0 94.68 94.795 5.32 5.158 
Mean error in extracellular progesterone = 0.199; mean error in intracellular progesterone ffi 4.661. 
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Therefore, the following functional has to be minimized: 
N N 
J (k,  . . . . .  k6) = ~ [X~ - Xl(tj)] 2 + ~ [XJ2 - X:(tj)] 2, (12) 
j=!  j f f i l  
with ks = ke and k6 = V. 
The functional (12) represents he sum of differences quares between the exact solutions Xt (tj) 
and X2(tj) and the experimental data X~ and X~. The functional is not linear in respect o all its 
variables (kl . . . . .  k6). 
The implicit dependence of the variables does not allow the minimization by a process involving 
derivatives calculation. Therefore the direct method of so-called "local variations" [10] can be used. 
A variant of the method is the Vignes' method [10] in which J is minimized in several directions, 
taking into account variables' influences on each other. 
4. NUMERICAL  RESULTS 
The initial condition X0 = 1000 pmol. The identified parameters are: 
kt = 0.01634, k2 = 0.2836, k3 = 0.2812,k4 = 1.8173, k5 = 0.0347, 
after 58 iterations the functional J = 0.74017. 
k 6 = 1 .31E  - 07;  
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Fig. 3. Percentage maturat ion  as a funct ion o f  time. 
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The experimental nd calculated values are given in Table 2. 
5. CONCLUSION 
The first model gives the percentage of oocytes which will mature. Therefore, biochemical 
analysis is possible for any percentage of maturation. For instance, it is often interesting to compare 
enzymatic activity in oocytes which have matured to that in nonmatured oocytes treated at the same 
time under the same conditions. 
Mathematical analysis of the experimental data allowed the obtention of mathematical models 
consistent with the experimental data, which are well-approximated. Furthermore, the compart- 
mental model takes into account the reality of the biological process; then it suggests that the 
kinetics of oocyte maturation, not only depends on intraceUular progesterone but also on 
extraceUular hormone. 
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